Oxidative sulfamidation is a promising approach to the synthesis of numerous organic compounds, including N-heterocycles or unsaturated species having the sulfonamide group, which is a key structural motif of synthetic antimicrobial drugs. The formed products can undergo further reactions leading to a wide variety of functionalized sulfonamides. This review summarizes the current state of knowledge on the oxidative reactions of sulfonamides and their derivatives with unsaturated and CH-active compounds with an emphasis on dienes as substrates. This produces a diverse range of compounds possessing sulfonamide function and capable of further functionalization.
Introduction
Sulfonamides are the oldest and still remain among the most widely used synthetic antibiotics, attracting the interest of organic chemists. This interest received a renewed impetus as is evident from the growing number of publications in the last decade on the oxidative reactions of sulfonamides and their analogues with different unsaturated and CH active compounds. Oxidative sulfamidation, as distinct from simple addition of sulfonamides to double bonds, is envisioned as a reaction proceeding formally with dehydrogenation under the action of external oxidant, or simultaneous addition of the sulfonamide and another electron-withdrawing group (X) of the reagent, like in RSO 2 NHX, or insertion of the RSO 2 N residue (generated, for example, from the azide or other nitrene precursor) into the C=C or C-H bonds (Scheme 1).
This review mainly focuses on the state-of-the-art of the chemistry of sulfonamides, in particular, based on the reactions of intra-and intermolecular oxidative sulfamidation of various unsaturated compounds, with special accent on dienes as substrates. The analysis below will be categorized based on the type of the reactants and the conditions of the reaction.
Reactions of sulfonamides with dienes in the presence of terminal oxidants
In earlier works, the group of Sharpless reported the reactions of 1,3-dienes with the in situ prepared N,N′diimidoselenides (ArSO 2 N) 2 Se, proceeding as the Diels-Alder cyclization followed by (2,3)-sigmatropic rearrangement to cis-1,2-diaminoalkenes [1, 2] . Initially, the selenium reagent was separately prepared [1] , but later [2] the conditions were modified in such a way that dichloramine RSO 2 NCl 2 and the salt RSO 2 NHNa were used by mixing them with Se and CH 2 Cl 2 and, after stirring for 3 h, alkene or diene was added. The effectiveness of the reaction depends on Ar; thus, with 2,3-dimethylbuta-1,3-diene, tosylamide gives the product of diamination in 68 % yield [1] , while with nosylamide both the product of allylic monoamination (17 %) and the product of diamination (46 %) were obtained. With hexa-1,5-diene, oxidative allylic substitution took place [2] (Scheme 2).
Similarly react cyclohexa-1,3-diene, isoprene, 2-phenylbuta-1,3-diene, 1-vinylcyclohexene, the yields varying from 4 to 68 % [2] . The reaction of N,N′-ditosyldiimidoselenide with cycloocta-1,3-diene gives the product of allylic amination at position 5 of the ring [1] . Electron-withdrawing substituents in the substrates decrease their reactivity and prevent the formation of any products for methyl sorbate or ethyl furoate. With methyl cyclohexadiene-1,3-carboxylate-1, only allylic amidation to position 5 takes place with the yield as low as 7 % [2] .
Primary and secondary sulfonamides were reported to react with dienes in the presence of different oxidants and on various metal complex catalysts. The N-Boc protected sulfamide reacted with a series of dienes in the presence of mild oxidant PhI(OAc) 2 . With norbornadiene, on Rh(II) catalyst, the only product was that of monoaddition (Scheme 3) [3] . The maximum yield of the selectively formed endo-adduct of 42 % was achieved when using tenfold excess of the substrate. For the reaction with 1-phenylhexa-1,5-diene-3-one, a higher yield (61 %) was obtained. The only conjugated diene involved in this reaction was cyclohexa-1,3-diene. The reaction proceeds also as diastereoselective monoaddition, with the protected nitrogen atom being more remote from the intact double bond (Scheme 3), and is more effective than with nonconjugated dienes (77 % yield) [3] . An interesting example was reported by Stoll and Blakey, who found a new [3 + 3] rather than [3 + 2] annulation reaction in the Rh 2 (esp) 2 -catalyzed intramolecular oxidative sulfamidation of allenyl sulfamates with participation of nitrones and with PhI(RCOO) 2 as the oxidant (Scheme 4) [4] .
In a similar catalytic and oxidative system based on Rh(II) complexes and PhI(OAc) 2 , trichloroethoxysulfonamide reacts with alkenes and conjugated dienes under mild conditions to afford the products of 1,2-acetoxyamidation (Scheme 5) [5] .
The yield of the 1,2-addition product in the reaction with 1-phenylbuta-1,3-diene was 65 %, while with 2,5-dimethylhexa-2,4-diene it decreased to 38 %, and 48 % of the product of 1,4-addition was also obtained [6] . Note, that earlier, the same reagent in the reaction with linear and cyclic aliphatic alkenes and dienes catalyzed by N-heterocyclic carbene copper complexes and with iodozobenzene as an oxidant, gave exclusively the products of aziridination in the yield from moderate to 88 % (for cyclooctene) [7] . The catalyst and the oxidant in Scheme 6 were shown to be superior to other tested catalysts and oxidants for the case of 1-hexene, and TcesNH 2 was much more effective in aziridination than tosylamide [7] .
Tetrakis(triphenylphosphine)palladium catalyzed reaction of various alkenes and dienes with N,N-ditert-butylthiadiaziridine 1,1-dioxide was found to give the products of oxidative diamination, 3 2,5-di-tert-butyl-1,2,5-thiadiazolidine 1,1-dioxides (Scheme 7) [8] . The oxidant in this reaction is the second molecule of thiadiaziridine dioxide, which is taken in twofold excess being reduced to N,N′-di-tertbutylsulfamide (Scheme 7). The yield of the products of deamination of dienes in Scheme 7 increases from 47 % to 66 % for 1-phenylbuta-1,3-diene and to 92 % for penta-1,3-diene [8] . N-(2-Hydroxyaryl)tosylamides were recently studied in the Pd(OAc) 2 catalyzed reaction with various 1,3-butadienes with molecular oxygen as the oxidant [9] . The course of the reaction is solvent-controlled: in acetonitrile, 2-functionalized 1,4-benzoxazines are formed as the products of 1,2-aminooxygenation, while in DMSO 1,2-oxyamination occurs leading to 3-functionalized 1,4-benzoxazines (Scheme 8) [9] . The highest regioselectivity of up to 20:1 was found for isoprene, the yields varying from good to quantitative. For the reaction with 1,2-dimethylenecyclohexane, only the spirocyclic product of 1,2-aminooxygenation was obtained in acetonitrile, while no products were detected in the reaction in DMSO [9] .
Independently and practically simultaneously, other Pd-catalyzed reactions of oxidative sulfonamidation/cyclization in the reaction of N-(2-hydroxyaryl)-or N- [2-(2-hydroxymethyl) aryl]sulfonamides with terminal alkenes were reported and proposed for the synthesis of benzoxazolidines and dihydrobenzoxazines in moderate to good yields (Scheme 9). The method was also found to be suitable to access imidazolidines [10] . K 2 S 2 O 8 was found to be the most effective among the tested oxidants, such as NaIO 4 , KBrO 3 , oxone (KHSO 5 ), 1,4-benzoquinone, m-CPBA, Ag or Cu salts. The proposed mechanism of the reaction was similar to that suggested in [9] .
Under the same conditions, the same authors have developed the method of oxidative sulfamidation of electron deficient alkenes by primary and secondary arenesulfonamides [11] . With primary arenesulfonamides, the formed unsaturated sulfonamides predominantly had the Z-configuration, while with the secondary arenesulfonamides the yields were lower (40-78 %) and the thermodynamically more preferable E-isomers were formed, with the recovery of starting material (Scheme 10) [11] . Similar to the reaction in Scheme 10, the E-isomers of enesulfonamides were formed exclusively by Pd(OAc) 2 -catalyzed sulfamidation of acrylates with N-alkylsulfonamides under the action of strong oxidant Selectfluor ® [1-chloromethyl-4-fluoro-1,4-diazoniabicyclo[2.2.2]octane bis(tetrafluoroborate)] in the presence of methanesulfonic acid [12] .
The group of Yoon has developed a method of aminohydroxylation of olefins by the action of N-sulfonyloxaziridines catalyzed by various copper(II) salts (Scheme 11) [13] [14] [15] . This reaction is similar to oxidative diamination of alkenes [13, 14] and dienes [14] by thiadiaziridine 1,1-dioxide shown in Scheme 7. Noteworthy, however, is that while the reagent in Scheme 7 is opened via the N-N bond, N-benzenesulfonyloxaziridine in the reaction with styrene can give the products of either the O-C or O-N bond splitting (isoxazolidine and oxazolidine, respectively), depending on the catalyst used -Sc(OTf) 3 in the former case and Cu(OAc) 2 in the latter [14] .
The reactions in Scheme 11 represent a new methodology of Cu(II)-catalyzed reaction of chemo-and regioselective aminohydroxylation of alkenes and dienes. Remarkably, the regioselectivity of oxyamination is reversed when going from Cu(II) to Fe(III) salts [16, 17] . Unlike the formation of 4-Ar-substituted 1,3-oxazolidines in the Cu(TFA) 2 catalyzed reaction (a) in Scheme 11, the similar Fe(acac) 3 catalyzed reaction gives rise to the isomeric 5-Ar-substituted 1,3-oxazolidines, also in high yields [16] . By using the complexes of Fe(NTf 2 ) 2 with optically active bis(oxazoline) ligands (Scheme 12), the authors succeeded in preparation of 5-Ar-1,3-oxazolidines in a highly regio-and enantioselective manner [17] .
With Cu(OTf) 2 as the catalyst and PhI(OAc) 2 as the oxidant, 2-benzyl-N-tosylbenzamides and related substrates undergo intramolecular oxidative sulfamidation at the benzylic methylene group to give N-arylsuflonyl-1-arylisoindolinones in up to 70 % yield [18] . The products of cyclization can further be deprotected to give free 1-arylisoindolinones (Scheme 13). Cu(II) salts taken in large excess may act as terminal oxidants themselves. Thus, oxidative diamination of a series of buta-1,3-dienes with saccharin was reported to lead to the products of conjugate 1,4-addition (Scheme 14) in the yields from moderate to quantitative [19] . The postulated mechanism included the initial bromocupration with the formation of 1,2-or 1,4-cuprate having the terminal C-Br bond. Further displacement of the cuprate moiety and bromine atom affords the product of 1,4-diamination, possibly, with participation of the intermediate product of amidobromination [19] .
An effective enantioselective bromoamidation of allyl N-tosylcarbamates catalyzed by a chiral phosphine-Sc(OTf) 3 complex was described [20] . The reaction proceeds with the sulfonamide nitrogen attacking the internal olefinic carbon atom, and the bromine atom from NBS is attached to the terminal olefinic carbon atom. A wide variety of optically active oxazolidinone derivatives containing various functional groups can be obtained with high enantioselectivity (Scheme 15).
A rather rare case of metal-free, visible light induced, oxidative sulfamidation of a large series of pyrroles was recently reported [21] . The reaction proceeds in aqueous acetonitrile under mild conditions in the presence of acridinium dye (9-mesityl-10-methylacridinium perchlorate) as photocatalyst in up to quantitative yields of 2-arenesulfonamidopyrroles (Scheme 16).
The reaction is proposed to proceed via single-electron transfer from the pyrrole ring on the acridine dye, capture of the formed pyrrole radical cation by the attack of arenesulfonamide anion generated in the alkaline medium at position 2, and oxidation of the formed radical adduct followed by its deprotonation. 
Oxidative sulfamidation of dienes by the reactions with sulfonylnitrene precursors
Derivatives of sulfonamides with substituents at the nitrogen atom capable of elimination of small neutral molecules, such as azides RSO 2 N 3 , N-sulfonyliminophenyliodinanes RSO 2 N=IPh, chloramine-T, dichloramine-T, N-hydroxysulfonamides RSO 2 NHX and related compounds, can enter reactions with unsaturated substrates via insertion of the remaining sulfonylnitrene residue RSO 2 N into C-H or C=C bonds leading to the products of oxidative sulfamidation and their further transformations. Below we will concentrate on the reactions with dienes, since the presence of the second double bond in the substrate significantly expands synthetic potential of the primarily formed products.
Reactions of dienes with N-sulfonyl azides
One of the first studies of the reactions of dienes with azides was the work of Scheiner, who showed that arylazides react with isoprene, 2,4-pentadiene and 1,3-cyclohexadiene via addition to only one double bond to furnish the corresponding 1-aryl-4-vinyl-1,2,3-triazolines [22] . Electron-withdrawing groups, such as acyl or sulfonyl, decrease the order of the N 1 -N 2 bond in acyl or sulfonyl azides, thus lowering their stability with respect to alkyl or aryl azides and increasing the reactivity in the reactions proceeding with nitrogen evolution. Indeed, the obtained triazolines, upon heating above 80 °C or by photolysis, decompose with elimination of nitrogen and formation of the corresponding vinylaziridines [22] . The reactions of N-sulfonyl azides with both conjugated and nonconjugated dienes proceed in a different manner. In the early work of Abramovitch et al. [23] , no triazoline products were isolated from the reactions of nosyl azide with dienes. With nonconjugated hexa-1,5-diene and octa-1,7-diene, sulfonimides were formed via the insertion of the tosyl nitrene into the olefinic C-H bond with subsequent tautomeric rearrangement; the sulfonimides were hydrolyzed to the corresponding ketones (Scheme 17, (a)). With conjugated hexa-2,4dienes and cyclohexa-1,3-diene, the reaction with NsNH 2 also proceeds with subsequent rearrangements, (Scheme 17, (b)). The reactivity of dienes increases from linear nonconjugated to linear conjugated dienes and to cyclohexa-1,3-diene [23] .
The result of the reaction of arylsulfonyl azides with morpholinobuta-1,3-diene depends on the reagent: with tosyl azide, N-tosyl amidine was isolated in 56 % yield formed via the nitrene insertion into the olefinic C-H bond of the enamine fragment with subsequent tautomeric rearrangement (Scheme 18, (a)), while with nosyl azide, 1,2,3-triazoline was formed as the product of [3 + 2] cycloaddition (Scheme 18, (b)) [24] .
Note, that neither in the early work of Abramovitch et al. [23] , nor in the later work of Brunner et al. [24] , were aziridines detected among the products. However, they were the only products of the reaction of norbornene and norbornadiene with 5-dimethylaminonaphthalene-1-sulfonyl azide, which was undertaken in order to introduce a fluorescent label in olefins [25] . The yield of aziridines was 38-39 % (Scheme 19).
In the same manner, that is, with the formation of aziridine, phenylsulfonyl azide reacts with 7-methylenebicyclo[2.2.1]hept-2-ene. The reaction affords both the endo and exo-adducts to the endocyclic double bond, the exocyclic C=C bond remaining intact (Scheme 20) [26] . In contrast, substituted norbornadienes react with tosyl azide under mild conditions with ring expansion to give 2-azabicyclo[3.2.1]octadienes [27] . Note, that the similar product of ring expansion was obtained in the early work from norbornadienes and phenylsulfonyl azide [28] . The reaction proceeds as insertion to the C-C bond distal with respect to the substituent(s). The ratio of the 7-R to 6-R-2-azabicyclo[3.2.1]octa-3,6-diene in Scheme 21 drops from 85:15 (R=CO 2 Et) to 94:6 (R=CH 2 OAc) and 100:0 (R=CH 2 OTBS, CH 2 OPiv). For norbornadienes disubstituted at one C=C bond, the reaction course is different (Scheme 21). At room temperature or heating to 80 °C the aziridine predominates in the mixture (4:1). When refluxed in toluene, the yield of the ring expansion product increased and after 3 days it was the only product in the mixture [28] . For unsymmetrically disubstituted norbornadienes (R 1 = COOR, R 2 = Alk, Ar) only 6-COOR regioisomers of 2-azabicyclo[3.2.1] octa-3,6-diene were formed.
Trichloroethoxysulfonyl azide reacts with 2,3-dimethylbuta-1,3-diene and alkenes in the presence of optically active Co(II) porphyrin catalyst under mild conditions also affording aziridines [29] . The yield of the product of monoaziridination of the diene in Scheme 22 was 50 %, while with alkenes the yield and the enantiomeric purity were close to 100 %.
Katsuki et al. showed that the Rh-catalyzed reaction of 2-phenylbuta-1,3-diene with tosyl azide (Scheme 23) proceeds very slowly -after 24 h the conversion was as low as 7.3 % [30] . Under the same conditions, terminal alkenes (styrene, 4-Br, 4-NO 2 -styrenes, 2-vinylnaphthalene, but-3-en-1-yn-1-ylbenzene) give the corresponding aziridines in a good yield. In contrast, octene-1 as well as trisubstituted olefins did not undergo aziridination or allylic C-H sulfamidation [30] .
The results of these and related studies were summarized in a mini-review [31] . 4′-Vinyl-2,3,4,5-tetrahydro-1,1′-biphenyl reacts with tosyl azide via aziridination of the terminal double bond. No product of allylic C-H sulfamidation was detected [30, 31] . However, such a product was detected in the reaction with 2-ethyl-1H-indene (Scheme 24) [31] . Rh-catalyzed oxidative sulfamidation of 1-arylbutadienes-1,3 was realized in both two-step and in the three-component one-pot versions using either 1-mesyl-1,2,3-triazole or its precursors -arylalkynes and mesyl azide (Scheme 25) [32] . The reaction affords finally dihydropyrroles, which can further be oxidized to N-mesylpyrroles. The stepwise reaction proceeds via the formation of intermediate N-mesyl cyclopropylaldimine by [2 + 1] cycloaddition to the terminal double bond of the diene, followed by the Clock rearrangement to 2-styryl dihydropyrrole, or by the aza-Cope rearrangement to dihydroazepines, which undergo 1,3-migration of the N-mesyl group to give 2-styryl dihydropyrroles [32] . The latter are directly formed in the three-component one-pot reaction, as shown in Scheme 25.
Reactions of dienes with N-tosyl phenyliodinane
N-Tosyl phenyliodinane PhI=NTs, prepared by the reaction of tosyl amide with phenyliodo diacetate in MeOH in the presence of NaOH [33] , and related compounds are efficient reagents for aziridination and amidation of alkenes and dienes. Thus, the reaction of PhI=NTs with two-fold excess of cyclopentadiene gives 6-tosyl-6-azabicyclo[3.1.0]hex-2-ene (Scheme 26) [33] . Similarly proceeds the reaction with cyclohexa-1,3-diene or butadiene [34, 35] . With equimolar ratio of the reagents at room temperature the yield drops to 30-45 % [35] [36] [37] .
This method was used by Hudlicky et al. for the synthesis of analogues of Amaryllidaceae alkaloids (Scheme 27) [38] [39] [40] [41] [42] .
The yield of aziridines was 59 % for X=Cl, but only 20 % for X=Br [38] [39] [40] [41] . Cycloocta-1,5-diene is not aziridinated by PhI=NTs [42] .
The Sharpless (with TsNClNa·3H 2 O, vide infra) and Yamada (with PhI=NTs) methods were compared for aziridination of a series of conjugated and nonconjugated cyclodienes [35] . For conjugated substrates (cyclopentadiene, cyclohexa-1,3-diene), PhI=NTs gave good yields of the corresponding aziridines, while the Sharpless method was ineffective. For nonconjugated dienes, both methods demonstrated comparable effectiveness [35] .
Fullerene C 60 is aziridinated with PhI=NTs in the presence of CuCl and 2,6-lutidine in 1,2-dichlorobenzene (Scheme 28) in maximum yield of 43 % [43] . The formed aziridine allows versatile further functionalization and provides access to diverse fullerene derivatives.
The copper complex [(i-Pr 3 TACN)Cu(O 2 CCF 3 ) 2 ] was shown to catalyze nitrene transfer from PhI=NTs to olefins (styrene, cyclooctene, hexene-1) to form N-tosylaziridines in good to excellent yields [44] . Aziridination mediation capability of copper complex Cu(CH 3 CN)]PF 6 was examined in the reaction of PhI=NTs with olefins. Cyclohexa-1,4-diene forms monoaziridine in 35 % yield [45] . Isoprene (2-methylpenta-1,3-diene) undergoes aziridination to either terminal or internal C=C double bond in total yield of 51 %, the ratio of the former to the latter product being 5:1. Ethyl sorbate Me(CH=CH) 2 COOEt undergoes aziridination exclusively at the more electron-rich terminal C=C bond [45] . Bisoxazoline-CuOTf complexes were shown to be effective in asymmetric aziridination of 1,3-dienes with PhI=NTs. The products are formed in moderate yields but with quantitative regio-and diastereoselectivity (>99 %), and up to 80 % enantioselectivity. α,β,γ,δ-Unsaturated ketones give cis-γ,δ-aziridinated products, while 1,4-diphenylbuta-1,3-diene afforded both cis-and trans-aziridines [46] .
Aziridination of 2,4-hexadien-1-ols with PhI=NTs catalyzed by Ag and Cu(I) trispyrazolyl borate complexes [Tp] was investigated aiming at the synthesis of sphingosine (2-amino-4-trans-octadecene-1,3-diol), which is a key motif of sphingolipids, a class of important cell membrane lipids, like sphingomyelin. Aziridination of trans,trans-2,4-hexadien-1-ol (Scheme 29) proceeds predominantly via the C 2 = C 3 double bond with predominant (on Cu catalyst) or almost exclusive (on Ag catalyst) formation of the trans isomer of the major regioisomer [47, 48] .
The ratio of the β,γto δ,ε-adducts in Scheme 29 on different catalysts varies from 81:19 to 90:10. Similar results were obtained for the acyl or benzyl O-protected substrates on Ag[Tp] catalyst: the regioselectivity was 56:44 (for Ac) or 60:40 (for Bn) and the trans isomers of the major regioisomers comprised 98 %. Substitution at 2-and 5-positions of the chain (including 5-C 13 H 27 radical as the precursor of sphingosine) did not affect much the results [47] . The origin of the observed regioselectivity and the mechanism of the reaction were investigated computationally [48] .
The reaction of iodinanes PhI=NR (R=Ts, Ns) with conjugated linear dienes and cycloocta-1,3-diene in the presence of copper hexafluoroacetylacetonate gives rise to 3-pyrrolines [49] . However, their formation only formally can be considered as [1 + 4]-cycloaddition, since at the temperature below 36 °C 2-vinylaziridines are formed which isomerise to 3-pyrrolines only by heating to 100 °C (Scheme 30) [49] .
An efficient one-pot synthesis of isoxazol-3(2H)-ones catalyzed by Cu(OAc) 2 from α-acyl cinnamides and PhI=NTs has been developed [50] . The reaction of 2-benzyl-3-oxo-N-arylbutanamides proceeds under mild conditions, the yields of the products of cyclization/allylic sulfamidation, 5-methyl-2-(4-aryl)-4-[1-(Ntosylamino)benzyl]isoxazol-3(2H)-ones, falling in the range 80-90 %. The same reaction of α-acetyl penta-2,4-dienamide gives rise to two isomeric products of allylic sulfamidation (Scheme 31) [50] .
Furan, thiophene and pyrrole are often considered as heterocyclic analogues of conjugated dienes. Two principal reaction pathways are possible with these: sulfamidation (known for all these heterocycles) and cycloaddition (characteristic of furan and thiophene). For example, the Ru(II) · porphyrine complexes catalyzed sulfamidation with PhI=NTs occurs under mild conditions (CH 2 Cl 2 , 40 °C, molecular sieves 4 Å, unltrasound) affording 2-substituted products. N-Alkyl and N-aryl pyrroles under the same conditions give the products of 3,4-bissulfamidation (Scheme 32) [51] . The products are formed in moderate to good yields.
A diversity of products was obtained from the reaction of sterically hindered 3,4-di-tert-butylthiophene with PhI=NTs in the presence of Cu(MeCN) 4 The major product formed in 60 % yield was N-tosylimino-3,4-di-tert-butylthiophene, other products being formed in the yields not exceeding 10 % [52] . The group of Pérez reported the reactions of mono-or dialkyl furans with PhI=NTs catalyzed by Ag or Cu(I) trispyrazolyl borate complexes and leading to 1,2-dihydropyridines including those fused with the furan ring (Scheme 34) [53] [54] [55] .
In the case of 2-methylfuran, 95 % of diketone and 5 % of monoketone in Scheme 34 is formed, whereas 2,5-and 2,3-dimethylfurans give only monoketones in 99 % yield [53] [54] [55] . The reaction was proposed to include four consecutive catalytic cycles. Furan aziridination is followed by aziridine ring-opening, transimination, inverse-electronic-demand aza-Diels − Alder reaction, and hydrogen elimination [53] . four equivalents of bissulfonylimides (ArSO 2 ) 2 NH with PhI(OAc) 2 in water at room temperature. The reaction of 1-arylbutadienes-1,3 with PhI(NTs 2 ) 2 , or with PhI(OAc)(NTs 2 ) and addition of Ts 2 NH, or with Ts 2 NH in the presence of PhI(OAc) 2 affords the products of regioselective oxidative sulfamidation at the terminal double bond (Scheme 35) [56, 57] . The same reaction occurs with 1-phenylhexatriene-1,3,5.
The yields in Scheme 35 vary from 35 to 90 % depending on the reaction conditions. Butadiene and its derivatives -isoprene and 2,3-dimethylbuta-1,3-diene -give the products of both 1,2-and 1,4-sulfimidation (Scheme 36) [57] .
Most effectively, with 73 % yield, buta-1,3-diene is imidated in the system PhI(OAc)(NTs 2 ) with addition of Ts 2 NH, the ratio of the 1,4-to 1,2-adducts being 1:1.3. The highest yield in the reaction with isoprene was 84 %, obtained with the sulfamidating system Ts 2 NH + PhI(OAc) 2 = 2:1, the ratio of the 1,4-to 1,2-adducts being 2:1. Similarly reacts 2,3-dimethylbuta-1,3-diene (82 % yield) but the ratio of the products is 1:1. Undeca-1,3,5triene gives only the product of 1,6-bisimidation in 60 % yield. Finally, diethyl-3,4-dimethylenecyclopentane dicarboxylate both in the system Ts 2 NH + PhI(OAc) 2 = 2:1 and PhI(OAc)(NTs 2 ) with addition of Ts 2 NH (Scheme 37) affords the single product of 1,4-bisimidation in 80 % yield [57] .
Styrene, octane-1 and cyclopentene give the products of bisimidation with PhI(NTs 2 ) 2 in 66-80 % yield, a higher yield of 90 % was obtained for allylbenzene [56] . With the similar iodine(III) reagent obtained from 2,2′-diiodo-1,1′-biphenyl, 1-phenylbuta-1,3-diene gives the product of 1,2-bisimidation in the yield not exceeding 70 % [58] .
Reactions of dienes with chloramine-T, dichloramine-T and other N-halosulfonamides
Chloramine-Т (TsNClNa) in reactions with dienes normally acts as a haloamidating agent. In the presence of acetic acid in dry CH 2 Cl 2 with heating, chloramine-T taken in 20 % excess to the substrate effectively reacts with linear and cyclic 1,3-dienes to afford the products of 1,4-chloroamidation (Scheme 38) [59] . The diastereomer ratio for 1,4-diphenylbuta-1,3-diene was 1:1. The reaction with the isomeric 2,3-diphenylbuta-1,3-diene or with 2,3-dimethylbuta-1,3-diene furnishes the trans and cis adducts in the ratio of 3:1 of regioisomers 10:1, and for cyclohexa-1,3-diene two diastereomers were formed in 1:1 ratio in total yield of 63 %. With cycloheptatriene, the single cis-1,6-adduct was obtained in 93 % yield (Scheme 39) [59] .
A new metal-free synthetic protocol for chlorosulfamidation of olefins with chloramine-T was reported by Minakata et al. [60] . The method consists in carrying out the reaction in CO 2 atmosphere under pressure. It was applied to various olefins and one diene -cycloocta-1,3-diene. With olefins the yields vary from 27 to 81 %. The tosylamido group enters mainly the β-position in the reaction with styrenes, position 3 in the reaction with 1H-indene, and exclusively the α-position in the reaction with butyl vinyl ether. With cycloocta-1,3-diene, only 1,4-adduct was obtained in 70 % as a single stereoisomer (its stereochemistry was not determined) [60] .
In the presence of molecular iodine, TsNClNa reacts with cyclohexa-1,3-diene in aqueous medium chemo-, regio-and stereoselectively affording the product of 1,2-iodosulfamidation in 64 % yield (Scheme 40) [61] .
It is worth noting that when the reaction of styrene was performed in organic solvents with chloramine-T in the presence of iodine [62] [63] [64] or with tosylamide in the presence of oxidative system t-BuOCl + NaI [65] , aziridines were formed as sole products, and no iodoamidated products were obtained. Pyridinium hydrobromide perbromide catalyzed reaction of buta-1,3-diene with chloramine-T under mild conditions leads to N-tosyl-2-vinylaziridine in 65 % yield [66] . The mechanism of the Cu(hfacac)(cod) and PhNMe 3 Br 3 catalyzed reaction of buta-1,3-diene with a series of chloramines ArSO 2 NClNa leading to vinylaziridines in 57-72 % yield (calculated to the initial ArSO 2 NH 2 ) was investigated [67] .
Cyclohexa-1,4-diene and its alkylated derivatives were investigated using the Sharpless aziridination method (vide supra) [68] . The method consists in reacting 1 mol of diene with 3.3-fold excess of chloramine-T and 0.3 mol PhMe 3 N · Br 3 . The reaction furnishes aziridinocyclohexenes in 45-70 % yield (Scheme 41) [68] . Bicyclic cyclohexa-1,4-dienes on the example of 1,2,3,4,5,8-hexahydronaphthalene are aziridinated on the internal double bond in 50 % yield [68] (and 45 % yield by the Yamada method, vide supra [35] ) (Scheme 42). For 2,3,4,7-tetrahydro-1H-indene, no reaction was observed under the same conditions. Note also, that no aziridination occurred when cycloocta-1,5-diene was treated with the Yamada reagent PhI=NTs, while the Sharpless method gave aziridine in 45 % yield. The obtained aziridine derivatives of cyclohexa-1,4-diene were further subjected to epoxidation with m-CPBA [68] .
N,N-Dichloro-and N,N-dibromosulfonamides were also involved in the reactions with conjugated and nonconjugated linear and cyclic dienes. In an early work the reactions of N,N-dichloro-and N,N-dibromophenylsulfonamides with hexa-1,5-diene, penta-1,4-diene and 1,4-diphenylbuta-1,3-diene have been investigated [69] . With hexa-1,5-diene, the formation of a mixture of linear and heterocyclic products was shown (Scheme 43). In aqueous acetone, olefins react with TsNBr 2 to furnish α-bromoketones in a good yield [70] . The reaction proceeds via intermediate formation of α-bromoalcohols, which are oxidized to α-bromoketones with excess of TsNBr 2 . Under the same conditions, 5-(buta-1,3-dien-1-yl)-1,2,3-trimethoxybenzene reacts with TsNBr 2 to give the product of oxidative 1,4-bromosulfamidation and ring bromination to one of free aromatic carbons in 62 % yield (Scheme 45) [70] . A large series of chalcones ArC(O)CH=CHAr′ was introduced in the Sc(OTf) 3 catalyzed reaction of chlorosulfamidation with the 1:1 mixture TsNCl 2 + TsNH 2 , which turned out to be much more effective than TsNCl 2 alone or TsNH 2 in the presence of N-chlorosuccinimide as the oxidant [71] . The terminally acylated analogue of the diene in Scheme 45, 1,5-diphenylpenta-2,4-dien-1-one, was also investigated and showed very high yield (95 %), diastereoselectivity (97:3) and enantiomeric excess (ee) (98 %) when performing the reaction in the presence of complex of Sc(OTf) 3 with optically active ligand L (Scheme 46) [71] .
A high regioselectivity was observed in the reaction of radical addition of dichloramine-B (PhSO 2 NCl 2 ) to 1,3-dienes induced by Et 3 B at -78 °C and leading to N-chloro-N-allylamides in up to quantitative yields [72] . The lowest yield of 74 % was obtained for 1-phenylbuta-1,3-diene. The formed N-chloro-N-allylamides react with alkenes affording the pyrrolidine derivatives in good yield (Scheme 47).
The Cu(OAc) 2 catalyzed reaction of dichloramine-T with alkenes and dienes in acetonitrile affords the products of chlorosulfamidation with participation of the molecule of the solvent [73] . Note, that in the reaction of cyclohexene with other catalysts -CuOTf, [Rh(COD)Cl] 2 Of special interest are our recent results on haloamination of unsaturated silanes by N,N-dichlorotriflamide TfNCl 2 . 1 Trimethylvinylsilane, dimethyl(divinyl)silane and diphenyl(divinyl)silane were shown to react with N,N-dichlorotriflamide to give mainly the products of chlorotriflamidation of one or two C=C bonds, as summarized in Scheme 49.
Remarkably, the second double bond of diphenyl(divinyl)silane remained intact even with double excess of TfNCl 2 , apparently, because of steric congestions in possible diadducts due to the presence of two phenyl groups at silicon.
Recently, a new method was proposed for the synthesis of 2-chloroenesulfonamides [74, 75] . To a large family of aminohalogenating reagents, a new member was added -N-chloro-N-fluorobenzenesulfonamide PhSO 2 N(F)Cl. The reaction with styrenes was found to proceed with different regioselectivity depending on the temperature (Scheme 50) [74] . The authors explained such an unusual behavior by the different mechanisms: electrophilic chlorination of the double bond at room temperature and its electrophilic sulfamidation at higher temperatures, in both cases the most stable benzylic cations being formed.
In the next work of this group, the reactions at both ambient and elevated temperature followed by elimination of HF with Et 3 N and imine-enamine tautomerization were proposed as an efficient approach to 2-chloroenesulfonamides [75] . A series of substituted styrenes and 1,4-diphenylbuta-1,3-diene were tolerated in these reactions, as shown in Scheme 51 for the latter. The mechanism was proposed and confirmed by contrast experiments [75] . 
Miscellaneous sulfamidation reactions of dienes
N-Hydroxytosylamide TsNHOH, which is isoelectronic with chloramine-T, also adds to alkenes and dienes under oxidative conditions, although with the rupture of N-S rather than N-O bond. In the presence of periodate as an oxidant, styrenes and 1-phenylbuta-1,3-diene give with TsNHOH α-sulfonyloximes. The reaction follows radical mechanism with oxidation of N-hydroxytosylamide by periodate to N-oxosulfonamide, which eliminates NO to give tosyl radical. The later adds to styrene to give stable benzyl radical, which recombines with NO with the subsequent nitroso-oxime tautomeric rearrangement. With 1-phenylbuta-1,3-diene, the tosyl radical adds to the terminal olefinic atom to give the radical, which is vinilogous to the benzyl radical (Scheme 52) [76] .
In a number of studies, oxidative sulfamidation reactions were employed in intramolecular fashion. Thus, the reaction of NBS-promoted cyclization of N-tosyl 1,3-dienes with the nitrogen atom separated from the diene moiety by three C sp3 atoms in the presence of different catalysts (Scheme 53, a) proceeds stereoselectively in good isolated yield [77] . The reaction may proceed either as 1,4-cycloaddition of the pre-formed N-bromo-N-tosyl derivative or via the initial radical bromination of the starting compound at the terminal olefinic carbon atom (Scheme 53, b). The presence of allylic bromine in the products allows their further functionalization. The analogue of the starting compound in Scheme 53, reaction (a), containing protected sulfamido group, undergoes double cyclization in the presence of various oxidants (Scheme 54). Similar cyclizations were performed for alkenes containing substituents at the internal or terminal olefinic carbons, as well as 1,3-dienes TsNHC(O)NHCH 2 C(Ph) 2 CH 2 CH=CHCH = CH 2 and MeOC(O)NHSO 2 NHCH 2 C(Ph) 2 CH 2 CH=C HCH = CH 2 [78] .
β,γ,δ,ε-Unsaturated N-tosylhydrazones in the presence of N-iodosuccinimide and chiral catalysts afford Δ 2 -pyrazolines via 1,4-iodosulfamidation proceeding at low temperature with high enantioselectivity (Scheme 55) [79] .
3-Ethoxycarbonyl-5-phenyl-N-sulfonyldienamides, when refluxed in xylene, furnished the products of 6-endocyclization. In contrast, in the presence of oxidants such as MnO 2 or DMP (Dess-Martin periodinane, 1,1,1-triacetoxy-1,1-dihydro-1,2-benziodoxol-3(1H)-one), they suffer 5-exocyclization (Scheme 56) [80] .
However, the latter reaction in Scheme 56 cannot be considered as oxidative sulfamidation but rather as hydroamination because only substituent R 1 but not the dienesulfamide fragment is oxidized. Related HIcatalyzed intramolecular cyclization reactions of alkenyl and dienyl tosylamides were recently investigated as a step en route to the total synthesis of Lycopodium alkaloids [81] .
Although the reactions of hydroamidation lie beyond the scope of the present review, some of them, throwing the light on the regioselectivity of sulfamidation, deserve to be mentioned here. Thus, the reaction of allylic substitution of dimethyl octadiene-2,6-dicarbonate-1,8 with NsNH 2 catalyzed by iridium complexes with chiral phosphorus amidite ligands proceeds enantio-and regioselectively leading to 1-nosyl-2,5-divinyl pyrrolidines with retention of the double bonds of the substrate (Scheme 57) [82] .
Pyrrolidines were also formed in up to 90 % yield as the products of hydroamination of hexa-1,5-dienes with tosylamide in the presence of Ph 3 PAuOTf complex (Scheme 58) [83] . The structure of the products in Schemes 56 and 57 suggests the attack of the sulfonylamide moiety on the internal olefinic carbon atom of dienes.
Cyclohexa-1,3-diene is hydroaminated with arenesulfonamides in the presence of 1,2-bis(diphenylphosphino)ethane (dppe) and bismuth-copper catalyst (Scheme 59) [84] .
Unlike reaction (b) in Scheme 2, occurring in oxidative conditions, in hydroamination reaction the entering sulfamido group appears only in the allylic position (Scheme 58). Numerous alkenes and dienes were successfully hydroaminated by the use of (triphenyl phosphite)gold(I) chloride and silver triflate as a catalytic mixture [85] , or only one catalyst AgOTf or TfOH [86] . The reactions proceed in toluene on heating and MW activation in up to quantitative yield.
Oxidative triflamidation of linear and cyclic alkenes and dienes
There are two reasons for separate consideration of the reactions of sulfamidation with participation of trifluoromethanesulfonamide (triflamide, CF 3 SO 2 NH 2 or TfNH 2 ). One is that it often demonstrates the reactivity different from that of its nonfluorinated analogues [87] , including the reactions with unsaturated compounds [88] . Another reason is that there is a good deal of studies in the last few years on the reactions of triflamide with different alkenes and dienes leading to interesting and often unexpected products. Below, the reactions of oxidative triflamidation are considered for various types of unsaturated substrates.
Reactions of alkenes with triflamide in oxidative conditions
Even the first studies on the reactions of triflamide in the system (t-BuOCl + NaI) in MeCN, which was successfully used for aziridination of alkenes by different sulfonamides [65] , showed a drastic effect of fluorination on the reactivity of sulfonamides. Instead of aziridines, two linear adducts and 2,5-diphenyl-1,4-bis(triflyl) piperazine were isolated (Scheme 60) [89] .
Interestingly, when carrying out the reaction of styrene [90] or vinylcyclohexane [91] with dry NaI, the isomeric 2,6-diphenyl-of 2,6-dicyclohexyl-1,4-bis(triflyl)piperazines are formed; possible reasons were discussed in [91] . Besides, no product of bis-triflamidation was detected with vinylcyclohexane, and no piperazine was obtained in the reaction with p-chlorostyrene [91] . Irrespective of the form of the iodine source (NaI or NaI · 2H 2 O), the reaction of α-methylstyrene with triflamide gives 1-iodo-2-phenylpropan-2-ol as the single product [92] . This is likely to be formed via iodination of α-methylstyrene by t-BuOI and subsequent fast reaction of the latter with water. Apparently, such a course of the reaction is due to the effect of the phenyl group, because from the analogous reaction with 2-methylpent-1-ene three products, each containing triflamide residues, were isolated (Scheme 61). Again, no aziridines were identified in the reaction mixture. Evidently, the last product (ether) is formed from the preceding alcohol by dehydrative condensation.
Reactions with cyclic dienes
We have studied the reactions of triflamide with a number of cyclic dienes in the oxidative system (t-BuOCl + NaI). Transannular addition of triflamide to cycloocta-1,5-diene affords two bicyclic products: [92] . Their formation is the first example of cycloaddition of sulfonamides to dienes, directly leading to bicyclononane heterocycles. Unlike the reaction in Scheme 62 proceeding as 1,6-cycloaddition, the isomeric conjugated cycloocta-1,3-diene reacts with triflamide with ring contraction to give N-(3-formylcyclohept-2-en-1-yl)triflamide in 57 % yield [93] . The reaction in Scheme 63 represents a rare case of eight-to seven-membered ring contraction. The presence of several acidic and basic centers in the molecule prompted us to investigate the product by spectral and theoretical methods [94] .
Oxidative triflamidation of cyclopentadiene in the oxidative system employed proceeds as 1,2-iodotriflamidation at only one double bond of the diene (Scheme 64) [95, 96] . Such a regioselectivity is consistent with the localization of the HOMO of the cyclopentadiene molecule mainly on the C 1 and C 4 atoms [97] . Note, that the reaction of cyclopentadiene with selenium tosylamidate proceeds as bis-sulfamidation (cf. Scheme 2), again demonstrating specific reactivity of triflamide. The reaction of triflamide with cyclohexa-1,3-diene proceeds as 1,2-addition of two triflamide residues to the diene molecule. The choice between the structures of 1,2-and 1,4-adduct was made based on the IR and NMR spectroscopy data and finally the formation of trans-N,N′-(cyclohex-3-ene-1,2-diyl)bis(triflamide) was determined by X-ray analysis [95, 96] .
The reaction of triflamide with nonconjugated cyclohexa-1,4-diene proceeds in a completely different way resulting in the formation of fully saturated product, for which the structure of N,N′-(2-chloro-5-iodocyclohexane-1,4-diyl)bis(triflamide) was elucidated from spectral data and chemical transformations (Scheme 65) [95, 96] .
Reactions with hexa-1,5-diene and nonconjugated heterodienes
Hexa-1,5-diene reacts with triflamide in the oxidative system (t-BuOCl + NaI) to furnish two cyclic products in total yield of 91 % (Scheme 66) [98] . The formation of the bicycle in reaction (a) in Scheme 66 is the first example of assembling the 3,8-diazabicyclo[3.2.1]octane framework in one-pot procedure. Evidently, its formation is possible only for the cis-arrangement of the two iodomethyl groups in the preceding pyrrolidine, so, the structure of pyrrolidine was of special interest. From the X-ray analysis of the isolated pyrrolidine, the two iodomethyl groups are in the trans-position to each other; this explains why pyrrolidine does not react with triflamide in the used oxidative system, as has been shown by special experiment. For comparison, the reaction of hexa-1,5-diene with a series of arenesulfonamides was investigated [98, 99] . As distinct from the reaction with triflamide, two isomeric pyrrolidines shown in Scheme 66, reaction (b) were formed. The ratio of the trans to cis isomers varied from 1:1 to 3: The derivatives of diallylsulfide and diallylamine (on the example of diallyltriflamide, see Scheme 69 below), which can be considered as heterodienes, were also investigated in the reactions of oxidative triflamidation. The molecule of diallyl sulfide has three reactive sites for electrophilic attack: two π-bonds C=C and the sulfur atom. The only product isolated in 67 % yield was N,N′-(diprop-2-en-1-yl-λ 4 -sulfanediyl) bis(triflamide) [100] . The examples of S(IV) tetracoordinate compounds (λ 4 -sulfanes) are very scarce (see Refs. in [100, 101] ) and refer only to S-spirocyclic compounds, therefore, the product in Scheme 67 can be considered as the first representative of acyclic λ 4 -sulfanes.
The observed unusual course of the reaction was explained by theoretical analysis of diallyl sulfide, which showed that the HOMO of the molecule is less than 2 % localized on all four olefinic carbon atoms, and more than 55 % -on the sulfur atom [100] which is consistent with the electrophilic oxidation reaction on sulfur with the C=C double bonds remaining intact. Divinyl sulfone, in which localization of the HOMO on the sulfur atoms is negligible, react with triflamide on the C=C bonds to give the product of oxidative heterocyclization (Scheme 68) [100] .
The same product is formed in the reaction with divinyl sulfoxide, apparently, due to initial oxidation to divinyl sulfone under the reaction conditions.
The introduction of nitrogen as a heteroatom changes the situation; oxidative triflamidation of diallyltriflamide leads to a diversity of products of both linear and cyclic structure. Scheme 69 provides another example of different reactivity of triflamide and arenesulfonamides: no cyclic products are formed with the latter. Moreover, no addition to the second C=C bond takes place even with double excess of sulfonamide [102] . 
Reactions with buta-1,3-diene derivatives
Interesting results were obtained for the reaction of triflamide with 2,3-dimethylbuta-1,3-diene and 2,5-dimethylhexa-2,4-diene, allowing to synthesize in one preparative step compounds containing the fused pyrrolidine and aziridine rings in one molecule (Scheme 70) [103] .
Again, arenesulfonamides react in a principally different manner giving the linear products of oxidative 1,4-addition (Scheme 70) in 79 % (Ar = Tol) or 20 % yield (Ar = Ph) [103] .
Triflamide and 2,5-dimethylhexa-2,4-diene react differently depending on the temperature. At room temperature, unlike the reaction in Scheme 70, no products of triflamidation were formed, but only trans-4-iodo-2,2,5,5-tetramethyltetrahydrofuran-3-ol was isolated in 83 % yield [103] . On cooling, 2,2,4,4-tetramethyl-3,6-bis(triflyl)-3,6-diazabicyclo[3.1.0]hexane (37 %) and a mixture of pyrrolidines is formed (57 %) with the cis/trans isomer ratio of 1:1 (Scheme 71). Lowering the temperature to -40 °C increases the yield of the bicyclic product to 70 %, while pyrrolidines could not be detected in the mixture. This allows assuming that pyrrolidines are formed via nucleophilic opening of the aziridine ring in the bicycle by the action of halogenide anions presenting in the reaction mixture.
Finally, we have studied the reactions of triflamide and nosylamide with 1,4-diphenylbuta-1,3-diene and 1,1,4,4-tetraphenylbuta-1,3-diene in the same oxidative system. Both reactions proceed in two steps: 1,4-cycloaddition and subsequent iodotriflamidation or chloroiodination leading to fully substituted pyrrolidines (Scheme 72) [104] .
In contrast, the reaction of 1,1,4,4-tetraphenylbuta-1,3-diene under the same conditions unexpectedly gave 3,4,5,5-tetraphenyldihydrofuran-2(3H)-one in 76 % yield [104] . The absence of the triflamide residue in the product could be indicative that triflamide is not involved in the reaction; however, blank experiment showed that no reaction occurs in the absence of triflamide. Based on this, the following tentative mechanism was suggested (Scheme 73) [104] . 
Conclusions
In this review, the reactions of sulfonamides, versatile reagents for amination of unsaturated compounds, are overviewed focusing on oxidative sulfamidation of dienes. The reactions of oxidative sulfamidation, reviewed here for the first time, can be performed either with external oxidants or using pre-activation of sulfonamides by converting them to azides, N-halosulfonamides, or N-sulfamidoiodinanes, or related active derivatives. As distinct from conventional hydroamination reactions, oxidative sulfamidation provides an approach to numerous unsaturated and heterocyclic compounds bearing pharmacophore sulfamide group due to the presence in many of the primarily formed adducts of groups capable of further functionalization. Special attention is paid to oxidative triflamidation reactions, since triflamide demonstrates specific reactivity, in many cases drastically different from that of non-fluorinated analogues. Undoubtedly, the synthetic potential of these reactions is far from being completely disclosed so much of the progress in this field must be expected in the near future.
Conflicts of interest:
There are no conflicts of interest to declare. 
